Still largely untapped, wave energy is particularly abundant and may represent an important share in the energy mix of many countries in the future. However, the power ftuctuations generated by most wave energy converters with Iittle to no storage means or without suitable control strategies may deteriorate the power quality of the local network to which wave farms will be connected. They may in particular generate an excessive level of fticker. The minimum amount of storage required for a wave farm to be grid compliant with respect to typical fticker requirements was investigated and is presented in the first part of this study. Besides giving rise to power quality issues, the rapid and high amplitude power peaks generated by wave devices may aIso render more complex the optimal dimensioning of the wave farm electrical components, whose cost is highly dependent on their power rating. This statement applies also to submarine cables, as the maximum current ftowing potentially through them seems to be no longer a relevant criterion for determining their optimal current rating. Hence, the second part of the presented study focuses on the minimum current rating required from a submarine cable to avoid its thermal overloading.
I. I NTRODUCTlON
Flicker was identified as an important issue which may require the use of energy storage means or dedicated control strategies to reduce its level at the point of common coupling below the limits enforced by the power system operators [1] . Several studies have investigated the efficiency of different energy storage means in reducing the power standard deviation [2] and the fticker level [3] , [4] generated by a small to medium size wave farm. However, in all cases, the farm was connected to a relatively weak grid, which is more prone to be negatively affected by the injection of ftuctuating power, or to an extremely strong grid wh ich was not affected, as expected. Hence, in all these cases, the maximum power output by the wave farm was either in the same order of magnitude or negligible compared to the short-circuit level of the considered grids. It must be noted that the minimum energy capacity required for maintaining the fticker level below the grid operator's limit was also investigated, regardless of the grid strength, but only in the frame of a small size farm [5] . Hence, this paper investigates the minimum characteristics required from a storage means for maintaining the fticker level generated by a medium size wave farm below the typically enforced limits.
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Flicker generation being highly dependent on the network grid strength, the study was performed for a wide range of typical strength levels, both in terms of short-circuit level (Sse) and of impedance angle W k = arctan(Xj R). As these limits enforced by grid operators may vary significantly from one country or region to another, a survey was conducted in [1] to determine both the most permissive and the most stringent limits among the requirements enforced by several grid operators. These two limits were retained for the study presented in this paper.
The experience gained from the wind energy industry as weil as studies focusing on wave energy have demonstrated that exploiting the entire amount of wave energy available at a given site, including during the periods presenting the most extreme wave conditions, may be detrimental from an economical perspective. Besides requiring a more robust wave energy converter design, harnessing energy during the most energetic sea-states demands also a higher rated, and thus more expensive, power transmission equipment, in particular regarding the submarine export cables. A study focusing on wind energy suggested power generation curtailment during highly energetic conditions as a relevant way to decrease the wind farm's capital expenditure by reducing the cables' rating. It demonstrated indeed that the optimal power rating, from an economical point of view, of the wind farm's export cable was equal to 89% of the rated power [6] .
In similar fashion, the additional contribution of highly energetic sea-states to the annual electricity production of a wave farm is relatively negligible [7] . Power generation curtailment may thus be also envisaged as a way to optimize the farm's design. An approach, which is complementary to the curtailment method, consists of estimating the minimum cables' rating based on their dynamic thermal response. It is important to bear in mind that the current rating of cable is determined from the maximum temperature at wh ich its different components can be safely operated. Hence, temper ature constitutes one of the main limiting factors for power transmission through a cable. However, the maximum current rating of a cable is usually determined based on steady-state caIculations (thus assuming a constant current) wh ich are not representative of, nor relevant to wave energy applications, considering the rapid current ftuctuations generated by a wave farm compared to the very slow thermal dynamic response of a submarine cable, ranging usually between 2 min to 30 min [8] , [12] . Consequently, a suitable current rating is expected to be much less than the maximum current level wh ich the cables carry without leading to an excessive thermal loading, thus preventing a costly and useless over-rating. The second part of the study investigates the minimum current to which a submarine cable can be rated (under conditions that will be described in detail in the paper) from a thermal loading perspective. All simulations were performed under DIgSILENT power system simulator "PowerFactory".
M ODELLING

A. Electrical network
The wave farm network model was inspired from the main characteristics of the national wave test site of Ireland located off BeIrnullet [13] , which is also similar to most of the other test sites currently in operation or under development. This site will be connected to a particularly weak network having a short-circuit level Ssc estimated at 63 MVA and an impedance angle Wk equal to 69° in a previous study [1] . The farm is supplied by four submarine cables, two being 6.5 km long and the two others being 16 km long. Their capacitance and series impedance values are based on the cabling design studies performed at HMRC in conjunction with the site developer ESBI. An onshore substation, connected to the common point of coupling (PCC) to the rest of the network through a 5 km overhead line, steps the voltage up from 10 kV to 20 kV A 0.1 MVA load operated at 0.95 lagging power factor represents its consumption, and a generic storage means, described more in detail in Section II-D, is intended to smooth the farm's power output before it is injected into the grid. The point of common coupling is located at the low voltage side of the 20/38 kV transformer, to wh ich a VAr compensation system is also connected. This latter piece of equipment maintains power factor at a fixed value, equal to unity in the base case, according to typical grid operators' requirements. Simulations were also performed to study the inftuence of different values of the reference power factor on fticker level. A 2.1 MVA load, also operated at 0.95 lagging power factor, located on the high voltage side of the 20/38 kV transformer, represents the consumption of a small size town of few thousands inhabitants. network and the rest of the national/regional power sys tem, modeled as a 38 kV voltage source in series with an impedance, The reactance and the resistance of this series impedance simulate different short-circuit levels Ssc and impedance angles Wb both of which are determining criteria regarding the strength of a network, A weak grid, whose power quality is more prone than a stronger grid to be negatively affected by the injection of power f1uctuations, is usually characterized by a low value of either its short-circuit level Ssc or impedance angle Wb or both, However, the strength of a given grid is relative to the characteristics of the injected power f1uctuations, The ratio of the short-circuit level Ssc to the farm's maximum power Sjarm is thus a more relevant criteria. The flicker study was conducted for several values of this ratio ranging between 3 (corresponding to a weak grid) and 15 (corresponding to a moderately strong grid), and for four values of the impedance angle W k: 30°, 50°, 70° and 85°, as defined in IEC standard 61400-21.
B. Wave device power output
Experimental data in the form of electrical power output time series was provided as an outcome of the project CORES, standing for "Components for Ocean Renewable Energy Systems". This FP7 European collaborative research project focused on the development of new concepts and components for power take-off, controi, moorings, risers, data acquisition and instrumentation for floating wave devices [14] . The project itself was based on a floating OWC (oscillating water column) device and spanned over more than 3 years, between April 2008 and December 2011. The quarter-scale OWC prototype used in the project was deployed offshore from March to May 2011.
The device was connected to a small on-board island grid independent from the national electrical network. Figure 2a shows the on-board operating and monitoring system. The on-board grid was maintained by a fully-rated power electronic converter and generated power was used to charge the on-board battery system, or dumped in resistive load banks. A diesel generator was also included. Figure 2b shows the OWC deployed offshore.
The project has allowed the ocean energy research com munity to gain significant practical experience in the deploy ment, operation, and maintenance of offshore ocean energy converters. It has also generated a considerable amount of time series data on a number of parameters, including electrical parameters at a high resolution of 0.1 s. Contrary to most available data wh ich is averaged over a sea-state, a season or even a year, the CORES electrical power time series data can be scaled and used directly for grid impact studies. The full scale significant wave height Hs and the zero-crossing period Tz of the time series retained for this study are equal to 4.6 m and 8.4 s respectively. This production period corresponds to moderate sea state conditions with respect to the national wave test site of Ireland wh ich benefits from one of the highest wave energy potential in Europe. However, it is also representative of a high energy sea state with respect to other sites presenting a milder sea climate. During this production period, the generator was operated in constant speed control mode wh ich means that, unlike in variable speed operation, inertial energy storage by means of speed control is not available. As a result, mechanical power peaks are converted directly into electrical power peaks, which is expected to represent a worst case with respect to power quality impact.
C. Extrapolation to a multi-device farm
The wave farm is modeled based on 22 individual wave en ergy converters (WECs), leading to a full-scale rated power of 19.4 MW. These generators are assumed to be approximately aligned perpendicularly to the dominant wave direction, in order to optimize their energy capture. The power profile of Figure 3 . A random time delay is applied to each generator's power profile but one, taken as the reference, in order to represent the effect of device aggregation on the power output of the farm. Each time delay 6,Ttotal consists of a constant time delay 6,T corresponding to a constant inter-WEC distance D, to which a variable time delay 6,Ti is subtracted. This latter time delay is intended to introduce a certain degree of randomness in the layout of the devices with the farm, and corresponds to a variable distance 6,Di, as shown in Figure 4 . The inter-WEC distance D is usually envisaged to be of the order of magnitude of hundreds of meters, ranging typically between 200 m and 500 m [15] . 
where Vg is estimated approximately as:
The energy period Te of the ideal sinusoidal wave equivalent to the considered sea state and whose power can be expressed as P = kHs 2 Te (where k is constant), was used to estimate a reasonable value for the typical wave group speed vg. Its use, more than this of more common parameters such as the peak period Tp or as the zero-crossing per iod Tz, is justified as being more representative of the energy propagation speed between two WECs. This estimation method is thought to provide a reasonable order of magnitude for the typical speed of any wave group during a given sea-state.
The characteristic period Tz for each production period, supplied as part of CORES data, is proportional to the energy period Te by a factor ranging between 0.71 and 0.83 at the Belmullet test site [17] . An average value of 0.77 was selected for the studies. Five different time delay sets were used in order to model five different device layout combinations. The maximum and minimum voltage values retained for the study are defined as the maximum and minimum values obtained over these five simulations respectively. In similar fashion, the maximum fticker levels retained for the study are the maximum values obtained over these five simulations as weIl.
D. Storage means
A generic storage means, intended among others to reduce fticker level, is placed at the onshore substation as indicated in Figure 1 . It is modeled by means of a first order filter, as suggested in [18] , taking the farm's power output Pe as input and outputting a smoother power Pstorage, wh ich can be expressed as:
where T is the storage means' time constant. Depending on the value of time constant T, the inertial response of a hydraulic accumulator (5 s), of a ftywheel inertia (25 s) or of a seawater reservoir respectively (50 s) may be represented. Applying a varying voltage on a light bulb can result in significant light intensity variations, thus causing a potential visual disturbance. Although it is normal that voltage may vary during the day, due for example to load switching or to motor starting, the impact of these ftuctuations must be limited in order to avoid any disturbance to the customers. A statistical index of the short-term visual disturbance was developed in order to evaluate the level of annoyance caused by light intensity variations on the average individual. This index, called fticker severity or fticker level, is evaluated over 10 minutes and is named Pst. To ensure that visual disturbance remains negligible to the customer, grid operators limit either 1) the individual contribution in terms of fticker a power plant is allowed to emit 2) or the total fticker level at the point of common coupling.
Flicker is a phenomenon wh ich can have heavy conse quences on customers' comfort and health. It has been rec ognized since the 1960s that fticker may potentially repre sent a risk to individuals prone to photosensitive epilepsy [19] . In addition, fticker can also induce electrical equipment malfunction, as weil as non-negligible physical deterioration wh ich may reduce significantly the lifetime of the equipment. According to [20] , the performances of control systems us ing electronics drives have been reported to be significantly deteriorated by excessive and repeated voltage variations. In addition, the inftuence of these variations on rotating machines speed/torque control may for instance cause temperature rise and motor overloading issues. As wave farms can induce such rapid voltage variations with a significant amplitude, fticker is an issue of particular interest in the context of ocean energy grid integration.
A. Evaluation
Flicker level is usually evaluated with respect to the per ception of light intensity variations based on an incandescent light bulb model [21] . This may represent a worst case scenario regarding a number of lighting equipment types such as LEDs or ftuorescent lamps, given their lower fticker response to low-frequency voltage modulation [22] , [23] . However, in the absence of widely agreed guidelines or standards on the fticker response of different types of lighting and electrical equipment, the recommendations established by IEC standard 61000-4-15 were retained for developing the ftickermeter used in the studies presented in this paper.
B. Flicker requirements
The most stringent as weil as the most permissive limits in terms of fticker level as enforced in different countries were investigated in [1] . It appeared that the most stringent limit is enforced in the Republic of Ireland where the fticker contribution of wave farms at the PCC is expected not to exceed 0.35 when they are connected at distribution level. The most permissive limit, enforced in several countries, regards the total fticker level and is equal to unity. These two limits were used as benchmarks for analyzing the simulation results.
IV. F LICKERMETER DESIGN
The computation of fticker level from voltage time series has been strictly defined in IEC standards 61000-4-15 and 61400-21 [24] . The former defines the overall design of a ftickermeter while the latter describes few modifications to be brought to this design for the analysis of the fticker induced by wind farms. Flickermeters can be implemented either in a hardware or software form and compute fticker severity levels from voltage time series wh ich may be generated either from field experiments or from numerical simulations.
A ftickermeter consists of 5 functional blocks, as shown in Figure 5 . Blocks 1 to 4 compute the instantaneous fticker level (i.e. fticker perceptibility) from voltage time series, while Block 5 computes the fticker level Pst.
In detail, by scaling down the r.m.s voltage amplitude to a per-unit value with respect to the time series mean r.m.s value, Block 1 extracts the ftuctuations from the voltage time series. This also enables to generalize the use of the ftickermeter for any voltage level. Luminous intensity produced by an incandescent light bulb for a given voltage ftuctuation is then obtained by squaring the input voltage in Block 2. Blocks 3 and 4 simulate the physical human perceptibility to light intensity variations by means of filters whose parameters were defined by means of experiments on groups of individuals. Sensitivity curves, also called perceptibility curves, were pro duced as an outcome of these experiments. Figure 6 illustrates this dependence of the sensitivity on frequency.
Human perceptibility is emulated by one filter reproducing the response of the eye to light intensity variations, while another simulates the brain reaction to the nervous signals presents the following transfer function F (s ):
As small voltage vanatlOns are not taken into account accurately enough with the base design of the IEC 61000-4-15 ftickermeter, IEC standard 61400-21 recommends to increase the number of classes of the classifier contained in Block 5 from 64 to 6400 for analyzing the fticker induced by wind farms. This number of classes seems suitable for wave energy applications as weil, as shown in Table I which presents results of a test in wh ich the short-term fticker level was computed based on five different number of classes.
Table I: Flicker level computed with several numbers of class
The ftickermeter built for the purpose of this study includes the "empty class" feature designed by Alcorn [25] intended to help producing a sufficiently smooth cumulative probability function (CPF), wh ich is necessary for obtaining sufficiently accurate results. It consists of interpolating the ordinate of any empty class based on the ordinate of surrounding non-empty classes. The calibration results demonstrated that a maximum fticker perceptibility equal to unity (±1 %) is obtained by varying the amplitude of the input voltage ftuctuations by maximum -3% to +2% of the indicative values provided in the standard, thus less than the maximum allowed voltage variations of ±5%. The compliance test results of Block 5 showed that the short-term fticker level remains within ±5% of Pst=1 as required. Hence, the ftickermeter can be considered as presenting a high level of accuracy.
V. M ETHODOLOGY
A. Storage
Simulations were performed with several values for the storage means' time constant T. Flicker at the point of common coupling was then investigated to determine the minimum value required in terms of time constant T for wh ich its level is maintained below the enforced limits.
B. Cable rating
The maximum current ftowing through a cable appears to be no longer a relevant indicator for selecting a suitable rating for wave energy applications. This study investigated the dynamic thermal response of cables with different current ratings in order to determine the minimum current level for which a cable should be designed to avoid thermal overloading. 1) lntroduction: The calculations are based on the recommendations of IEC standards 60287-1-1 [26] and 60287-2-1 [27] . This set of standards defines methods for determining the maximum current rating of a cable under steady-state conditions, with respect to a permissible temperature range D.B, and based on the thermal properties of the cable's components, as weil as on the extern al conditions. A reverse approach was adopted in this study for determining the fictive instantaneous temperature rise D.B( t) resulting from the application of a ftuctuating current l(t). rate -J3v -J3 X 10 X 10 3 -
The characteristics of the Nexans 2XS(FL)2YRAA RM cable were used for this study [28] . The cable includes three copper conductors insulated with cross-linked polyethylene (XLPE) and having each a copper screen. The sheath is made of polyethylene and the bedding of polypropylene yarn, as weil as the serving. The surrounding armor is made of galvanized steeL Additional data necessary to perform the temperature rise calculations being however not indicated in the Nexans data sheet for this cable, it was estimated from information found in data sheets of other cables of similar structure, operating voltage and conductor size. As defined in IEC standard 60287-1-1, the temperature rise D.B( t) of a conductor above ambient temperature due to a constant current can be expressed as: 
where 1 is the current ftowing in one conductor (A), R is the resistance per meter (Wm), Wd is the dielectric loss per meter (W/m), Tl, T2, T 3 and T 4 are the thermal resistances of different parts of the conductor (K.m/W), n is the number of conductors in the cable, Al and A2 are the loss ratios in different parts of the conductor to the total losses in all the conductors.
The maximum permissible temperature was chosen equal to the operating temperature (90°C). This represents a worst case scenario, considering that the cable is designed to be operated at higher temperatures for limited periods of time. It may aiso be interesting to note that by limiting the maximum permissible temperature to its nominal operating value, no additional thermal aging effect compared to the steady-state case due to excessive temperatures needs to be considered.
VI. RESULTS
A. Storage
The storage means reduces considerably the voltage ftuc tuations at the point of common coupling even for values of the time constant T as low as 1 s. This is illustrated by Figure 7a in which the voltage profile at the PCC for a short circuit ratio equal to 3 is presented. Consequently, fticker is also dramatically reduced, as shown in Figure 7b in which the fticker level for all the short-circuit ratio and impedance angle W k values considered. Although the fticker level may exceed the most permissive limit for values of the impedance angle W k up to 50° for the connection points with the lowest short circuit ratio, a storage constant T as low as 1 s is sufficient for reducing it below unity in this case. If the most stringent limit is enforced, then a storage constant T of 3 s is required for the weakest grids. A storage constant T equal to 1 s only is sufficient for reducing fticker below the most stringent limit for connection points whose impedance angle is equal to 70° for the weakest grids. In particular, a storage means' time constant of 1 s would be sufficient for a wave farm connected at the AMETS test site to be compliant with the Irish fticker requirement. Connection points whose impedance angle is equal to 85° and/or whose short-circuit ratio is greater than 15 do not require using a storage means to smooth the farm's power output as the fticker level obtained for this type of points is maintained below the most stringent limit in any case. In conc1usion, a storage means of particularly low time constant T may be sufficient for avoiding any fticker issue posed by the connection of a medium-size wave farm to a particularly weak grid. This corresponds to the typical time constant of a hydraulic accumulator or of a small size ftywheel.
B. Cable rating
The results obtained from the dynamic simulations confirmed that the cable selected initially was clearly over rated with respect to the current time series considered in this study. First of all, it must be borne in mind that the maximum power ftowing through the cable is equal to 3.4 MW (corresponding to 194 A) whereas the cable was initially designed for ap ower capacity up to 5 MW in each cable. However, even considering this aspect, the results indicated that the cable could be rated to a much lower level. Figure 8a shows that the temperature actually reached by the conductor for a thermal time constant T equal to 10 min, as weil as the temperature predicted by the steady-state ca1culations, which simulate an instantaneous cable thermal response. The very important difference that exists between the two temperatures illustrates the lack of relevance of steady-state calculations regarding cables' thermal loading in the case of wave energy applications.
The maximum permissible temperature of the conductor, equal to 90°C, is not exceeded for a conductor diameter greater than or equal to 2.6 mm. This is much smaller than the diameter of the cable initially selected and equal to 8.2 mm. The current rating corresponding to this diameter was estimated from the polynomial approximation of a curve linking the current ratings of similar cables to their conductor cross-sectional area. Available data for this curve was found in manufacturers data sheets [29] , [31] . In order to improve the accuracy of the polynomial approximation, an ordinate in zero was added and approximated to zero, considering that the current level ftowing through a conductor whose diameter converges to zero would also converge to zero. The resulting curve is shown in Figure 8b . The minimum current rating required for a submarine cable was found to be equal to 29.7 A. This represents only 15% of the maximum current ftowing through the cable, equal to 194 A, but represents 49% of the average current equal to 61.1 A. This shows that the average current level is a relevant indicator for estimating the minimum cable rating. However, the results described in this section must be con sidered pragmatically. In practice, the conductor diameter of available submarine cables for operation at this voltage level is usually greater than or equal to 8.2 mm, wh ich is much greater than the recommended diameter values. However, although the results obtained for an approximately 20 MW wave farm can be considered as "fictive", the methodology developed as part of this work may be applied to cables inc1uded in wave farms of greater rated power. As mentioned previously, estimating the minimum cable rating more accurately with respect to wave energy applications may lead to a significant decrease in terms of capital expenditure.
VII. CONCLUSIONS
This paper presented an analysis intended to determine the characteristics required from a storage means for maintaining the fticker level at the point of common coupling below the most permissive as well as the most stringent limits enforced in a number of countries. The storage means was modeled generically by means of a first order low-pass filter of time constant T. The minimum value required for this time constant T, when necessary, was demonstrated to range between 1 s and 3 s, indicating that a hydraulic accumulator or a small ftywheel may be used in this case. In particular, the connection of a wave farm to the AMETS test site proved This study investigated also the mInImum current rating required for a submarine cable, taking into account its thermal response time. A methodology was developed as part of this work and was presented in this paper. It was demonstrated that the average current level was a relevant indicator for determining the minimum current rating required for a submarine cable. More specifically, the results presented in this paper showed that the current rating obtained through this method is equal to 49% of the average current.
The study conc1uded that although cables of smaller ratings could be used with respect to the operating conditions consid ered for the study, such small size cables were not available on the market. However, the methodology developed as part of this work is expected to be very relevant for analyzing the minimum current rating of cables included in wave farms of greater power capacity. As mentioned previously, estimating the mInImum cable rating more accurately with respect to wave energy applications may lead to a significant decrease in terms of capital expenditure.
